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In  the  deteraination  of  rtjroas-struin  carrot  by  tension  testing. 
Starts*  le  usually  defined  as  the  force  applied  per  original  area) 
the  strain  it  the  change  of  length  with  respect  to  the  original  length, 
or  the  ohange  of  area  with  retpect  to  the  original  area.  A aero  funda- 
mental relationship  may  be  obtained  in  the  plotting  of  Btreaa-rtrain 
data  if  the  atreas  it  tatar*  at  the  forte  applied  with  respect  to  the 
instantaneous  area,  and  the  atniin  ie  eansidered  to  bo  the  ohange  in 
elongation  with  respect  to  the  instantaneous  length,  (l)s.  This  type 
of  streea  and  strain  la  known  as  true  stress  <T  , and  natural  strain 
S • The  relation  (T;0*o  gifts  an  approximation  to  the  curve 
obtained  in  ^rmo-etreea  natural  strain  teeta  (2),  although  a curve 
obtained  by  aha  of  thia  aquation  departs  from  the  experimental  true- 
st rest  natural  strain  curve  in  three  interval*,  (a)  that  in  which 
elastic  strain  obtains,  (b)  that  in  which  inhomogeneous  plastic  strain 
la  encountered,  and  (o)  that  beyond  the  naxtenw  load  in  ehioh  the 
specimen  necks  down.  This  expression,  however,  is  useful  In  essay- 
ing the  plastic  behavior  of  metals. 

It  has  bean  found  that,  in  steal,  a relation  exists  between  the 
strain  hardening  exponent,  n,  and  the  temperature  of  the  teat,  while 
the  temperature,  in  turn,  affects  the  fracture  characteristics  of 
the  steel.  There  is  thus  indicated  a possible  relationship  between 
tius  strain  hardening  exponent,  n,  and  the  fracture  characteristics 


* Underlined  numbers  in  parentheses  refer  to  bibliography  at  end  of 
paper. 


of  the  stool*  limited  dot*  now  available  (J)  (k)  indioat*  that  within 
a given  class  of  steels  thos*  stools  with  the  lowest  values  of  n at 
Tory  low  temperatures  will  have  the  highest  transition  temperatures  in 
the  Impact  test.  In  addition*  there  are  indications  that  the  strain 
hardening  exponent  is  dependent  upon  the  velocity  of  deformation  (£)* 

It  was  the  purpose  of  this  work  to  investigate  the  relation  of  the 
strain  hardening  exponent  to  specimen  temperature  and  strain  rate. 

This  would  be  accomplished  by  subjecting  specimens  to  torsional  forces 
at  controlled  temperature  and  strain  rate,  with  torque-twist  curves 
being  obtained  front  these  tests.  By  utilisation  of  formulae  developed 
in  the  fallowing  sections,  it  is  possible  to  convert  the  torque-twist 
data  to  affective-stress  effective-strain  data,  and  therefrom  obtain 
the  strain  hardening  exponent.  Since  plastic  theory  dictates  that  a 
specimen  subjected  to  tension  will  yield  the  same  effective-stress, 
effective-strain  curve  as  one  subjected  to  torsion,  a prediction  may- 
be made  of  the  behavior  of  these  specimens  in  torsion. 

Since  under  ideal  conditions  tension  data  would  be  desired  in  the 
evaluation  of  variations  In  the  strain  hardening  characteristic  3 of 
a steel  with  temperature  and  strain  rate,  the  reasons  for  the  use  of 
torsion  data  will  be  advanced.  CirLef  of  these  reasons  is  the  brittle^* 
ness  of  many  steels  when  tested  in  tension  at  very  law  temperatures. 
This  brittle  range  frequently  extends  to  sufficiently  high  temperatures 
that  the  needed  stress -strain  data  cannot  be  obtained  in  the  tension 
test.  A second  major  factor  is  the  question  of  strain  irate  control. 

In  the  tension  test  elaborate  control  equipment  is  required  to  insure 
constant  strain  rates  through  the  course  of  the  test.  This  problem  ie 


•A 

not  of  major  moment  in  the  torsion  test  where  a constant  rate  of 
twist  insures  constant  strain  rate. 

The  torsion  machine  which  was  constructed  to  allow  the  determination 
of  the  torque  twist  data  for  specimens  at  controlled  tcr.perature  and 
strain  rate  will  be  described  below  following  a presentation  of  the 
theory  of  plasticity  on  which  the  conversion  of  the  data  depends. 

THEORX 

I.  PLASTIC  FLOW  BEHAVIOR  (6)  (7) 

In  the  work  that  follows,  stress  will  be  defined  as  the  ratio 

^ F s 

of  the  force  applied  to  the  instantaneous  area  (true  stress,  (y  - 
instead  of  the  usual  ratio  of  force  applied  with  respect  to  an  initial 
area,  (nonimal  stress,  S-  ).  Strain  rdll  be  defined  as 


where  strain  measurement  is  based  upon  a reference  to  the  original 
elongation,  10*  If  it  may  be  assumed  that  the  metals  being  tested  are 
sufficiently  fine  grained  to  behave  on  a macroscopic  s;ale  as  sensibly 
isotropic,  three  generalisations  established  in  elastic  theory  may-  be 
modified  tc  describe  macroscopic  plastic  flow*  These  relationships 
&T«  now  presented. 
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A*  The  Area  of  tha  Principal  Strtia  and  Strain  Coincide  Through** 
eui  Deformation.  1 T ~ 7 

This  may  be  shown  in  brief  fashion  by  considering  • snail 

isotropic  cubs  which  has  a stress  acting  upon  it.  This  stress 

may  be  resolved  into  three  normal  stresses  acting  parallel  to 

the  exes  of  the  coordinate  system  that  the  block  is  in,  iris., 

(T,  t , §2  * »i*  *h*aring  stresses,  Tx  y • 

7 Kz  * 7zX  * T^z  ' Tz^  * • Equilibrium  conditions 

demand  that  the  sheering  stresses  obey  the  following  relatione* 

T*2  -Tu%  ) l tz~  * ^J3C  r 

The  nine  stress  terms  indicate  that  this  matrix  it  symmetrical. 

It  oca  be  shown  that  s suitable  rotation  of  the  coordinate 
•ye tea  containing  the  nine  etreeeee  will  transf  orm  the  nesber 
of  stresses  to  three,  or  that  the  mine  term  matrix  will  be 
transformed  to  a three  term  matrix,  - only  the  diagonal  terms 
remaining,. 


O O ^3 

The  transforms tlon  equation  (boo* times  called  the  Secular 
Equation)  lei 
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where  Q.x  la  tfraneoker'e  delta,  and  o(  la  the  direction 
cosine  between  axes*  The  three  terns,  0* t , Qz  , (j^  , 
are  known  as  principal  stresses. 

Hooks’s  lav  states  that  stresses  are  linear  functions  of 
pure  strains,  provided  that  the  elastic  licit  of  the  Material 
is  not  exceeded. 

Strain  is  a store  complicated  quantity  than  s trees,  result- 
ing in  rotation  aa  veil  as  linear  displacement.  Strain  may  be 
represented  aa  a sum  of  tvo  djradiot.  One  is  termed  a pore  strain 
dyadic,  which  considers  linear  displacements  only,  end  la 
symmetric!  the  other  is  e non-symmetrlc  rotation  dyadic.  Sines 
Hooks's  lav  relates  only  stress  and  pure  strain,  and  since  the 
pure  strain  dyadic  is  symmetric,  ve  may  relate  three  rtrees 
terms  to  three  strain  terms,  &t  , • These  strain 

terms  viU  be  called  principal  strains.  The  rotation  may  be 
chosen  to  be  equal  to  that  of  the  stress  dyadic.  Thus,  ve  have 
three  principal  stresses  parallel  to  three  principal  strains. 

B.  The  Sum  of  the  Principal  Strains  is  Zero. 

Consider  the  element  libjhi  bounded  by  the  principal  planes 
before  straining.  Since  elastic  strain  is  null  compared  to 
plastic  strain  in  the  teat  the  volume  may  be  treated  as  constant 
throughout  the  straining  operation,  $>,  f|,  - Mx  bx  h 
so  that, 

Ji  b*  hz 


Jt,  b,  b, 


I 
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Taking  natural  logarithms. 


<$,  + £^  + 4 = ° 


y 


C,  Relation ahip  of  Principal  Strains  to  Principal  Streaaes. 

Since  the  volume  remains  constant,  an  elongation  In  ana 
direction  oust  cause  a contraction  in  another  direction. 

Since  the  material  under  consideration  is  isotropic,  there  will 
be  an  elongation  In  one  direction,  equal  contractions  in  the 
other  two  directions,  or 


<5,  - o fc  “ 10 


(N  m Poisson's  ratio  In 
elastic  theory) 


Since  Sf  ^Sx+Sy-  O , N must  equal  l/2  for  » 
corresponding  euqlity  on  tho  right  side*  The  relations  between 
principal  stress  and  principal  strain  are  then  given  by* 


<5,  - £>  [G'i  ~ a (fli+CaU 

- -fe  [<si  - i«r,  -nr*}] 

si  - 


0) 


-T- 


II.  DEVSLOHISST  OF  EFFECTIVE  STRESS  - EFFECTIVE  3TRAH  HBIXTJ0I8HIPS 

Squaring  and  adding  tha  aquationa  in  aaation  I,  part  C.  yialda 

JE^2  “ * °2 2 °3  " = ^ * <f3 


Than. 

f (/,*  - <f/  ' <£  ) - (°T 1 * °**  * °S2 ' * o'*  * <* - °V o’*  ) 


tetraatlng  tha  tqoara  root. 


tffaatiTa  at rain  le  daflnad  aa. 


/ - J\  * <T3 ) 


i'ffnatira  atraaa  la  daflnad  aa. 


5 *£[(~’.—i)**(~r0if'(0i-0if] 


JL 

2 


Than, 


In  tha  oaaa  of  alapla  tana  ion.  ainaa  cr;  - O'  , cr^  * o'j-  O and 
^5cTf  Sz=  "l0**100*  ^ ara  than 


obtainad. 


III.  RELATIONSHIP  (7  EJtfBCTITE  STRESS  * EFFECTIVE  STRAIN  ONRVXS 
OBTAINED  IN  TORSION  TO  THOSE  OBTAINED  IN  TOISXOK. 


sion  ojc  Effective  Stress  in  Terms  of  Shearing  8tree» 


In  the  case  of  simple  torsion,  it  can  be  shorn,  by  us*  of 
the  stress  cfyadic,  that  T r X | (T,  - (T^\  « One  principal 
stress,  , is  sero* 

The  relation  that  (T,  and  (T^  will  bear  to  each  other 
may  be  seen  from  a Mohr  circle  representation  of  these  two 
stresses*  (1) 
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* 
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It  may  be  aeen  from  tho  Mohr  oirolo  that  for  trny  value  of  '-p 

thoro  are  two  valuee  of  • When  '~p  la  a maximtan. 


^ ).  Since  the  valuea  of  O'  are  and 

V 2 ) 

t 

o-  = - 

(**  ^>)or*  O = - 

1 V 2 1 ’ 3 

2 / ' 3 

Thua , *_»*-'  I / 

»«..  = 2 ( 

207)=  07 

Now,  aubatituting  in  the  aquation  of  effective  stress, 

= * (2  O'  -v/J  "I 

For  the  eaae  of  atrain,  eubatitution  in  equation  (I)  yielda  t 


<*) 


D l 1 2j 


3 °7 
2P 


j;=o 


°T  =v/§^=/3 


P 


(*> 


1 


Thia  givea  the  relation  between  effective  strain  and  prinolpal 

a tree a. 


i 
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Expreaelon  of  Effagtlra  Strain  In  Tarma  of  Sharing  Strain  (£) 
Tha  ahaaring  atrain  $ , la  daffnad  aueh  that, 

T = G * = ± (o;-eri)=  o', 

Substituting  in  aq.  (S) 

7 ^ y 

6 55  D (♦) 


A ra  la  tl  ana  hip  axiata  batwaan  D and  tha  taraioml 
naduloa  0.  Thia  aagr  ba  ahoam  M followat 

Aaaana  a afmra  af  aidaa  a aubjaat  tv  a ahaaring  atraaa* 
It  la  known  that,  in  auoh  a oaaa,  tha  prlnalpal  atraaa 

will  aat  at  an  angla  «f  46°  to  tha  aidaa  of  tha  aquara. 

• < 

Tharaforo,  conaidaring  tha  alongatian  af  tha  diagonal  1, 


dS 


t 
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Shaarlng  •train  ft  nay  ba  define*  M » 

d v = sli 

a 

.-.  ds  --  sUL 

2 


Integrating, 
O’ 


h=ff 


- l if  = 2 <f 

Row,  it  la  known  that 


d 2 


'T  = G if  =Z 


(e) 


From  the  first  of  equation*  (1)  in  saetion  III  part  C. 


3 o-, 
2 D 


^ = £££• 

3 («) 

Equating  equation*  (6)  an*  (8). 


2 J a = 2Dcr. 
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Substituting  value  of  0 in  terms  of  D in  aquation  (4)  yieldc, 


r /3  0 * - JL 

6 = 3D  “ S5 


(T) 


C.  C caparison  of  Toraion  and  Tension  Results 

It  haa  now  bean  demonstrated  that  tha  effective  atreaa  in 
toraion  ia  direotly  proportional  to  an®  that  tha  effective 

strain  in  toraion  ia  direotly  proportional  to  the  ahear  atrain  % 
ahiah  in  turn  ia  direotly  proportional  to  <£  • Thus,  effaatiTa 

I 

stress  and  effaative  strain  in  torsion  are  direotly  proportional 
to  Of  and  cfj 

In  tha  aaae  of  simple  tension,  a in* a — O ' t Oj  c OS’  r O f 

cf^~<f3~  "i  C f • ^ ia  given  by  5^,<rand  cf 

Sinaa  and  ^ in  tension  are  also  direst ly  proportional  to  o— 
and  , it  follows  that  it  is  possible  to  prediot  what  tha 

effective  atreaa,  effective  strain  surra  in  tension  will  be  from  a 
knowledge  of  tha  affaotiva  atreaa,  affeotive  strain  curve  of  tha 
speoimen  in  torsion. 

IV.  EXPRESSIONS  TOR  (f  kW  O"  W TERMS  OF  TORQUE  AND  ANGULAR  DISPLACE- 
MENT OF  SPECIMEN  IN  TORSION  TEST  (7) 

A.  Expression  for  cf  *n  Tarmf  of  0 . 

FTon  equation  (7)  it  may  be  seen  that  tha  shearing  strain 
1^-/3  (f  . ^ ia  taken  as  the  produot  of  the  angular  twist 

of  the  bar  per  unit  length,  OC  » and  the  distance  of  the  strained 


increment  from  tha  center  of  the  bar,  r. 

0r-  if  = roc 
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Ih“'  yVJ  / - r « 

r ~ r oc 

d ~ 7T 

Sint*  ^ will  be  calculated  for  the  surface  of  the  tore  ion 
btr(  ir  s nliui  of  tho  torsion  bar  1,  tnl, 


<f  = -£  ex 

/3 


(») 


tins*  ex  s Macular  twist  of  the  bar  por  wait  length,  oc  ss  , 
where  6 is  tho  angular  displacement  of  e&s  soot  ion  of  the  bar  with 
roe poot  to  another  section,  and  1 is  tho  length  of  the  bar  ever 
which  strain  is  Matured.  Substituting  in  eq.  (6), 


S~  3.G.-  x 
d v/J  J - K< 


(t) 


B.  Expression  for  Q*  in  Toms  of  Torque  T. 

Tho  torque  T for  any  point  located  a distance  dr  from  the  eenter 
of  tho  shaft  is  girett  by,  — „ 

T*  Tr 


The  total  torque  may  be  found  by  integrating  orer  the  total  eross- 
seetion  of  the  speeimon  as  shewn  below; 
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l _ XJ 
sim«  r - = ~r“ 

I ^ Q 

T=2 rrju^‘  4 d*=zrT'Ci?-  **dr 

Te3=  2»r  /VrVd*  - 2 rr/!/V  ^ ^ 

-2  irfr/r^de 


Differentiating,  ^ 

d © 


(7vj=  znTJr’e* 


Sine*  all  measurement a arc  made  with  reapeet  to  the  bar  aurfaee, 


r = » . 

Then,  ^ 

d© 


(Tg3)  - 2 ff  JtcPTe3- 


0r*  / d 


i-sf7'e,)  = 2,rJ’°’T' 


Carrying  out  the  differentiation, 

dT 


e — • + 3T  = Zir  Ja3T 

a & 


or. 


T = 


I 


2tryo 


T=K*(T*f  £) 


(10) 


Strain  measures  arts  will  be  made  over  a two  inch  gage  length 
in  the  1/3  inch  section  of  the  torsion  bar,  in  order  to  rule  out 
inhomogeneous  plastic  strain  effects  in  the  shoulder  section  of 
the  bar*  Thus,  1 will  be  taken  equal  to  two  inches* 

APPARA703 


I*  THE  TORSIOW  APPARATUS 
A.  General 

This  device  is  designed,  to  operate  with  a minima  of 
attention  of  the  operator,  automatically  plotting  torque-twist 
curves  during  the  course  of  the  test,  - shutting  itself  off 
when  the  total  angular  displacement  becomes  equal  to  720°. 

Any  rate  of  strain  from  360°  per  hour  to  180°  per  minute  *sy 
be  obtained,  and  held  constant  within  l£*  Torque  is  measured 
by  expansion  of  a ring  dynamometer  coupled  to  an  adjustable 
lever  at  right  angles  to  the  axis  of  rotation  of  the  bar* 

The  torque  is  equal  to  the  product  of  the  force  required  to 
stretch  the  dynamometer  and  the  length  of  the  lever  arm.  An 
electrical  signal  corresponding  to  the  expansion  of  the  dyna- 
mometer is  fed  to  the  Y-orm  of  an  S-Y  recorder.  If  necessary, 
a DC  pre-amplifier  is  used  to  boost  the  signal  to  the  10 
millivolts  required  for  full  scale  deflection  for  the  X-Y 
recorder*  A signal,  obtained  from  voltage  dividing 
potentiometer  ocnneoted  to  an  angular  exteasoaetar,  is  connected 
to  the  X-*rm  of  the  recorder* 
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B*  The  Torsion  Machine 

’Details  of  the  toreion  machine  are  shown  in  Figure  Ho,  1. 
Grips  Here  machined  from  3AE  10U0  steel*  This  steel  has 


the  following  characteristic a i (£) 

Characteristic  Annealed 

Yield  Point  in  Shear  3.62  X 10**  lb/in2 

Shear  Modulus  1.17  X 10?  lb/in2 

The  formula  for  shearing  unit  stress  Sg  for  a solid  chart  (10) 


in* 


16  T 
T Td3 


T a torque 
d • diameter 


For  T m 6,000  lb*  in*,  and  dal  in*, 

S s 3.06  X ID**  lb/in2 


The  single  of  twist  of  the  grip 

BZTJ 

0 - T 

0,  32*  fcMO1*  n 

t.n+io1*.  ±1*4*  i 
s LZ5t 3?  ?.L° 


shaft  is  given  byi 

6 a angle  of  twlet  in 
radius 

1 s length  of  grip  (in.) 

Eg  a shearing  modulus 
of  elasticity 

So  a miniaami  1*17  X 
107  Ib/in* 


The  unit  shearing  stress  calculation  indicates  that  the 
grip  shaft  will  withstand  a load  of  6,000  in.  lb*  The  angle 
of  twist  calculation  shows  that,  if  maximum  shearing  stress 
Is  not  attained  before  a 360°  angular  displacement,  the  error 


in  measured  angular  displacement  due  to  twisting  of  the  grips* 


x 


■W  V 
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will  be  less  than  1%, 

The  upper  grip  ef  the  torsion  machine  may  be  raised  to 
permit  the  positioning  of  a specimen  without  disturbing  the 
coolant  container  or  its  contents.  This  permits  faster  speci- 
men changing  and  conserves  coolant* 

C-  Motor  Drive 

A 1 H.P.  1725  R.P.M.  motor  is  connected  through  a 3tl 
gear  pair  to  an  hydraulic  speed  reducer.  The  speed  reducer 
transmits  between  0 and  the  input  R.P.M.  in  either  direction* 

(The  3*1  gear  pair  is  used  to  limit  the  input  R.P.M.  to  leas 
than  the  750  R.P.M.  maximum  input  for  the  hydraulic  speed 
reducer.)  The  speed  reducer  connects  to  the  drive  shaft  of 
the  torsion  machine  through  two  reducing  worm  gear  drives  of 
20ll  and  50*1  respectively* 

Power  requirements  for  the  torsion  apparatus  may  be 
calculated  as  follows t 

P-  To3  - -T'lLTtMJ  p - power  (ft  lb/sec) 

At  maximum  strain  rate,  n « 1/120  rev/sec  T a torque  (lb-ft) 

At  maximum  torque,  T a 500  lb-ft  W - angular  velocity 

( rad/ sec ) 

P m (500)  (2  )/l20  ■ 26.2  ft.  lb/ sec  n ■ revolutions/sec 

Assuming  a 50*  loss  in  power  due  to  friction  in  the  5o*l  worm 
drive  assembly, 

s 52. U ft*  lb/sec 

Assuming  a $0%  loss  in  power  due  to  friction  in  the  20*1  worm 
drive  assembly. 


P2  s IOI4.8  ft.  Ib/aeo 


As  stoning  another  $0%  loss  in  power  due  to  inefficiency  in 

* 

the  hydraulic  speed  reducer, 


P^.  s 209.6  ft.  lb/sec 

A 1/2  H.P.  motor  delivers  275  ft.  Ib/sec.  Therefore,  a 1/2 
H.P.  motor  is  capable  of  supplying  the  power  required.  However, 
high  starting  torque  is  required  for  the  speed  reducer.  Hence, 
a one  H.P.  motor  was  selected  for  use. 

Torque  requirements  on  various  drive  shafts  may  be  determined 
as  follows 1 

The  expression  for  the  maximum  torsion  3haft  torque  may- 
be given  by,  __  R , #1  - 

T.  - — — r (o  OOO  lb.  »*. 
xtr 

The  expression  for  the  torque  applied  to  the  shaft  turning  the 
worm  which  meshes  with  the  torsion  machine  drive  gear  is 


-Tl- 


K 


ZTTM; 


But  nj  m 50  nj_ 

and  Pg  * 2Px  due  to  friction  loss# 
Then  zf. 


ihT,-  izoA 


Sty2.1T/V*>  1~S 

Therefore,  3 A inch  shafting  rill  be  sufficient  for  this  worn 
drive. 

A similar  calculation  for  the  applied  torque  on  the  worm 
driving  the  20  tooth  gear  shows  the  maximum  torque  that  this 
worm  must  exert  to  be  12  lb.  in.  Since  this  torque  will  not 
be  exceeded  at  any  point  between  the  speed  reducer  and  the 
motor  shaft,  torsional  stress  and  strain  present  no  problso 


I 
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V, 

at  ary  point  in  the  system* 

C.  the  Bing  Bynaaoooter  (U) 

The  dynamometer  is  constructed  from  raediua  oarbon  steel 
tolly  killed,  and  annealed  to  a dead  soft  condition  after  aaehin* 
lag  to  eliminate  internal  stresses  and  to  minimise  hysteresis. 

As  may  be  observed  from  Fig.  Ho.  2,  a tensile  load  applied  to 
the  dynamometer  mill  produce  certain  stresses  at  the  inner  and 
cuter  fibers  of  the  curved  portions  of  the  dyiMuacweter.  As  long 
as  these  stresses  are  kept  within  the  elastic  limit  Of  the 
material,  the  strains  produced  will  be  proportional  to  the 
applied  tensile  load.  This  ring  is  claimed  sensitive  to  less 
than  one  pound  in  a range  between  0 and  1000  lb.  The  designers 
of  the  ring  claim  an  average  error  of  only  0.36#  for  the  entire 
calibration  range,  and  a maximum  error  of  0.93#, 

Four  A-l  SRri*  strain  gages  are  attaohau  to  The  ring  as  shown 
in  Figure  Vo.  2.  The  inner  two  gages  are  connected  in  series 
and  the  outer  two  gages  are  connected  in  series.  Tfhen  the  ring 
is  extended,  the  inner  gages  elongate j the  outer  gages  contract. 
The  elongation  is  numerically  equal  to  the  contraction.  Use 
of  two  gages  in  series,  while  not  increasing  the  ratio  of  AH/& 
limT  give  a greater  total  change  in  resietanca,  (2aR).  For  a 
given  current,  twice  the  voltage  change  will  thus  be  observed, 
if  two  gages  are  series  connected. 

The  ring  will,  of  course,  have  two  mountings.  The  wall 
mounting  takes  the  form  of  a threaded  stud  which  may  be  placed 
in  any  one  of  twelve  holes  spaced  one  inch  apart  in  a steel 
plate  welded  to  an  HIH  beam  in  the  building.  The  mounting 
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attached  to  the  lever  arm  of  the  torsion  machine  has  a flexible 
joint  to  allow  for  a slight  angular  displacement  of  the  lever* 

This  displacement  cornea  about  duo  to  an  elongation  of  the 
ring  as  the  load  is  applied*  Thus,  the  ring  stud  will  not  moke 
a right  angle  with  the  lever  when  a specimen  is  placed  in  torsion. 
Since  the  torque  formula  T = VLX  F - used  in 

determination  of  the  ordinate  values  assumes  a right  angle  at 
this  point*  some  error  will  ensue*  This  error  may  be  calculated 
as  folldrsi 

Let  the  lever  arm  length  be  given  by  r,  the  di-tance  of  the 
lever  to  Hie  wall  (ring  dynamometer  width  plus  pivots)  by  d. 
r and  d are  at  right  angles  to  each  other  before  a load  is  applied. 
As  a load  is  applied,  d elongates  to  d / k and  r rotates  about  a 
point  A»  These  conditions  are  shown  below  in  Figure  No.  U. 


£ 


Figure  Ho.  U 
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After  rotition,  the  torque  is  giTsa  by  F„\,  *>*  y . 

The  dependence  of  <f  on  the  original  length  and  elongation  may 
next  be  Investigated. 

The  three  aides  of  triangle  ABC  are  known.  The  sine  of 
angle  BAC  say  then  be  calculated  by  the  formula 


.v  + d 4 fc  + id 1 + 

where  S • — 

2 

Sine  of  angle  ABC  la  determined  from  the  law  of  sines. 

sc*  6 1 4 

From  Triangle  ABB, 


Hear, 

<- B 5 X ^ v 

<»o0-x  <?o°-  C<-  ®' 

Time,  & h&a  been  determined  as  c.  function  of  r,  d,  and  k« 
From  a consideration  of  triangle  BAD, 

s,w(T-  — *= 

For  the  experimental  set-^xp  used, 

x2Dfi3C  • A*4* 

d » 20.5  in. 

k a Q.-.25  in.  (maximum  elongation  of  ring  dynamometer) 


•c* 

-C.> 
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Computation  shows  that  3 90°  with  -O.Olw.  Con- 
sequently, the  expression  T « Fr  may  be  used  with  insignificant 

error. 

D.  Strain  "easurenent 

Strain  measurement  is  obtained  by  means  of  a potentiometer, 
caoable  of  turning  through  an  --.ngle  of  360°,  linear  within  / 0,5%. 
Since  the  strain  is  measured  through  a 720°  angle,  and  i3 
measured  over  a two  inch  gage  length  in  a.  section  of  smaller 
diameter  than  either  end  of  the  test  bar,  a special  grip  is 
needed.  Constructional  details  are  as  follows: 

A 1-1 A inch  diameter  gear  is  attached  to  the  1/3  inch 
diamoter  section  of  the  test  bar.  To  accomplish  tide,  a 3/b 
inch  hole  is  drilled  in  the  gear.  A housing  accommodating  a 
two  piece  removable  clamp  is  then  brazed  onto  the  gear.  This 
gear  meshes  with  a gear  having  twice  the  number  of  teeth  of 
the  first  gear  (approximate  size,  1-3/U  in.).  This  second  gear 
is  Attained  by  means  of  a short  vortical  shAft  to  the  potentiometer. 
The  potentiame  led?  1 1 v it  is  attached  to  a horisontal  shaft  which* 
in  turn,  is  attached  to  the  test  bar  by  means  of  another  two 
piece  removable  clamp.  The  clamps  are  spaced  two  inches  apart 
on  the  test-  bar.  Th«  +mrn  7(wps  should  he  anorrodmatelY  l/L  inch 
thick  to  permit  fast  lineup  and  positive  meshing. 

This  exten  some  ter  has  the  following  advantages;  (1)  It 
is  sufficiently  compact  to  allcsr  total  immersion  of  the  extenso- 
meter  in  any  ooolant  used  without  alteration  of  the  coolant 
container,  and  (2)  it  may  be  quickly  and  easily  fastened  to  the 
test  bar.  In  practice,  two  extensometers  may  be  made.  While 


one  ertonsaaeter  macsurii  the  strain  of  a test  bar  undergoing 
torsion*  another  extenaaaeter  may  b®  fastened  to  the  next  test 
bar  to  be  used*  Upon  fracture  of  the  first  test  bar*  the  second 
bar  and  its  extensometer  may  be  slipped  into  the  grips*  Connect- 
ing the  three  sire  flattens  coster  plug  completes  the  installation* 
Thus*  it  Hill  be  possible  to  replace  spec  loans  and  bo  ready  for 
a second  test  in  two  minutes  or  less*  Sinoe  it  is  possible  to 
replace  a specimen  without  disturbing  the  coolant  container*  by 
lifting  the  upper  grip  of  the  torsion  maohine*  it  will  be  possible 
to  effect  a change  of  specimens  with  little  loss  of  coolant* 

A staple  jig  and  Inking  derloa  nay  be  prepared  which  will 
place  two  marks  on  the  speeian  taro  inehoe  apart*  The  marks  will 
be  the  earns  on  all  test  specimens*  The  «xtena coster  clamps  will 
be  fastened  on  these  marks*  assuring  that  strain  measurements 
will  be  mads  on  the  same  two  inch  gage  length  on  all  rpe^unens* 

A schematic  diagram  of  the  electrical  circuit  for  recording 
angular  displacement  is  shewn,  along  with  design  data* 

IS* 


i 

I 

I 
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Since  Q«01  volt  will  drive  the  X-arm  of  the  X-T  recorder 
full  scale, 

i^sMX  * 0*01  v. 

Assume  i m 10 "3  amp.  The  resistance  Z of  the  slide  wire  is 

then  given  by,  Z a 10**^  - 10  ohms 

10-3 

Vr  a 1.5  - 0.01  a lh9  ▼. 

S a l.U?  m 1500  ohms 

icr3 


Resistor  R is  broken  into  a fixed  and  a movable  part  to  prevent 
an  accidental  serious  overloading  of  the  X-I  recorder. 

E.  Automatic  Shut-Off  Control 

Since  testing  conditions  require  that  a two  inch  gage  length 
of  the  1/3  inch  section  of  all  test  bars  be  rotated  through  an 
angle  of  720°  and  then  stopped,  an  automatic  shut-off  control 
on  the  torsion  motor  drive  is  desirable  when  this  angle  of  720° 
is  reached.  To  accomplish  this,  a two-to-one  gear  assembly 
turned  by  the  motor  driven  grip  is  mounted  on  thu  torsion 
tester.  Whan  this  grip  has  turned  through  an  and  a of  720°,  two 
arms  mount eu  to  the  shaft  of  the  larger  gear  actuate  two  inicro* 
swltohes.  Details  axe  shown  in  Fig.  Ho.  1.  One  of  these 
switches  opens  the  115  v.  circuit  supplying  current  to  the 


torsion  motor,  X-I  recorder,  solonoidal  gas  valve,  and  thjrratron 
circuits  (Part  F. ) The  other  switch  is  used  to  open  any 
auxiliary  battery  circuits  employed. 

F.  Temperature  Control  (12) 
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Sine*  temperature  as  well  as  strain  rate  must  be  held 
constant  for  any  one  specimen  test,  sane  fora  of  temperature 
control  is  neoessary.  The  temperatures  used  will  be  -1?6°  C. 
(liquid  nitrogen),  -150°  C.  (freon  12  cooled  with  liquid 
nitrogen),  -100°  C.  (alcohol  and  ether  combination),  -78°  C. 
(alcohol  and  ether  combination  cooled  with  dry  ice),  and 
20-30°  C.  (room  temperature). 

In  keeping  with  the  rest  of  the  apparatus,  the  temperature 
control  is  automatic,  the  central  mechanism  being  actuated 
when  the  temperature  changes  £ 0*25°  C.  The  sensing  element 
is  a 2$  ohm  platinum  resistance  thermometer. 

In  this  circuit,  Eg  is  set  at  the  value  the  resistance 
thermometer  will  have  at  the  particular  temperature  desired. 
Then,  relay  is  manually  closed.  This  sends  a current  to 
magnetic  solenoid  V,  actuating  the  solenoid,  tfhen  the  tempera- 
ture starts  to  go  below  the  setting,  the  galvanometer  wrings 
in  a clockwise  direction,  activating  phototube  VT^,  causing  3g 
to  open.  This  removes  thn  current  from  solenoid  V.  When  the 
temperature  increases  above  the  predetermined  setting,  photo- 
tube VT^  is  actuated,  causing  to  close  and  Sg  to  close. 
Solenoid  V is  again  actuated. 

The.  arran  -ament  by  which  liquid  nitrogen  is  introduced 
into  the  cooling  container,  pumping  method,  reservoir  and 
reservoir  control  are  shown  in  Figure  No.  8. 

A reservoir  has  been  placed  between  the  liquid  nitrogen 
supply  and  the  coolant  container  to  minimise  time  lag  between 
temperature  oontrol  signal  and  delivery  of  the  liquid.  The 
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liquid  level  in  the  reservoir  i»  controlled  by  mean*  of  an 
aluminum  ball  float  shown  in  Figure  No*  6a.  The  associated 
electrical  circuit  is  shown  in  Figure  No*  7*  When  the  ball 
makes  contact  with  the  lower  stud,  a circuit  is  closed,  actuat- 
ing a locking  relay.  This,  in  turn,  closes  exhaust  valve  V 
and  passes  current  to  the  niohroma  heater  coil  immersed  in 
the  liquid  nitrogen  supply  container*  The  heater  vaporises 
a small  amount  of  the  liquid,  bui*lding  up  a pressure  in  the 
sopp^v  container  sufficient  to  pump  the  liquid  into  the 
reservoir*  When  the  sphere  rises  high  enough  to  contact  the 
upper  stud,  another  relay  coil  breaks  the  circuit  to  the 
niohrome  heater  and  to  valve  V,  allowing  any  built  up  pressure 
to  fall  to  atmospheric  pressure*  A locking  relay  is  used  as 
the  control  to  prevent  a starting  of  the  liquid  nitrogen  pump 
due  to  an  accidental  interrupting  of  relay  current* 

A Snug-fitting  cap  covers  the  supply  container  opening. 

This  cap  is  equipped  with  a small  thin  rubber  diaphragm,  which 
Will  blow  out  if  the  pressure  in  the  container  goes  ever 
*0  lb/in*. 

Freon  12  presents  a somewhat  different  problem*  In  this 
case,  taw  g«o  oust  be  liquified  by  Cooling  With  dry  ioe*  If 
further  cooling  is  desired,  liquid  nitrogen  is  admitted  into 
a jacket  surrounding  the  liquified  freon  which  in  turn  surrounds 
the  specimen*  If  cooling  below  the  dry  ice  temperature  is 
required,  valve  V controls  the  amount  of  liquid  nitrogen  admitted 
to  the  Jacket.  If  the  dry  ice  temperature  ia  required,  valve  T 
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control*  the  amount  of  gas  casing  from  the  freon  tank*  An 

V 

additional  liquid  valve  msy  he  required  for  fine  control. 
However,  this  Is  to  be  avoided  if  possible,  due  to  possible 
difficulties  with  the  valve  at  leer  temperature  operation. 

Beth  torsion  grips  act  as  heat  sources;  the  coolant  acts 
as  a sink*  To  prevent  rapid  loss  of  coolant,  two  auxiliary 
containers,  6 inches  in  diameter,  containing  dry  ioe,  are 
attached  to  the  grips.  To  further  reduce  coolant  lessee,  the 
test  specimen  and  angular  extensoneter  may  be  p re-cooled  with 
dry  iso  to  -78°  C«  before  being  placed  into  operation.  This 
cooling  may  be  accomplished  while  another  specimen  is  being 
tested,  so  that  no  Ices  in  time  will  result. 

9.  Peteralnation  of  Bate  of  Twist  of  Specimen 

The  rate  of  twist  of  the  specimen  will  be  determined  by 
means  of  a magneto  type  tachometer  mounted  between  the  speed 
redueer  and  the  transmission.  Transmission  ratios  will  be 
accurately  determined,  and  a calibration  chart  established, 
translating  desired  strain  rates  at  which  the  torsion  grip 
will  rotate  into  tachometer  readings.  This  arrangement  permits 
the  use  of  a standard  tachometer  without  a special  gear  train. 

R.  The  JrJ  Recorder 

The  X-T  recorder  used  is  mads  by  Leeds  & Northrup,  and  is 
a modified  S arise  6000  Speedcnax.  Its  specifications  are  as 
follcere* 

Beoordi  Continuous  line 

Bulges i X-Axis  (pen  travel)  0-10  a.v. 


X-Axis  (chart  travel)  0-10  a.v. 
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Response 

Speedi  XHLzis  - 1 second  for  full  scele 

balance  (9  7/8") 

T-ArLa  - li  ••con da  for  full  eoale 
balance  (IV1) 

Charit  100  unifora  division**  10s  wide 

and  10  divisions  per  inch  in  both 
horizontal  and  vertical  dlreotione 

Input 

Xspodaneat  Fran  1 ohn  to  2000  o»m»s  without 
affecting  accuracy,  sensitivity, 
and  speed  of  reeponee. 

The  strain  recording  circuit  has  ben  designed  for  use  with 
any  high  iapedanee  servo  aaplifisre  having  sufficient  acnat* 
txvity  to  i'eoerd  full  scale  deflection  for  an  input  signal. of 
10  *»v,  D*C. 
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